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Abstract 
An experimental investigation was carried out to produce a stable diesel-water emulsion fuel to be used in a diesel 

engine under different operating conditions. The proper mixing technique and emulsifying agent were used to produce 

stable emulsions of 10% to 30 % water by volume in diesel. The stability of these emulsions ranges from one week up to 

4 weeks.  The physical properties of stable water-diesel emulsions such as density, viscosity and pour point were 

observed. The effect of water-diesel concentrations, on the performance of a single cylinder diesel engine in terms of 

engine speed, torque, brake power output, brake specific fuel consumption, brake thermal efficiency, exhaust gas 

temperature and emissions such as NOx and particulate matter (PM) were studied. The results showed that the water 

emulsification has a potential to improve the diesel engine performance and to reduce gas pollutants. 
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1. Introduction 

Diesel engines exhausting gaseous emission and particulate 

matter have long been regarded as one of the major air 

pollution sources, particularly in metropolitan areas, and have 

been a source of serious public concern for a long time. The 

emulsification method is not only motivated by cost reduction 

but is also one of the potentially effective techniques to reduce 

exhaust emission from diesel engines. Water/diesel (W/D) 

emulsified formulations are reported to reduce the emissions of 

NOx, SOx, CO and particulate matter (PM) without 

compensating the engine’s performance [1]. 

 

The Emulsified fuels have clear effect on combustion process. 

This is evident where the increase in water concentration in the 

emulsion produces a significant increase in the ignition delay. 

This is due to the heat absorption by water vaporisation in the 

fuel jet [2-9]. In the emulsified Diesel fuel, the heat absorption 

by water vaporization causes a decrease of local adiabatic 

flame temperature and this reduces the chemical reaction in gas 

phase to produce thermal NO. Also, this helps to reduce soot, 

PM, CO and HC formation [3-5, 8, 10-12]. 

 

The increased viscosity of emulsified fuel tends to advance 

injection timing in some injection systems due to the 

modification of the dynamics of the command hydraulic 

system. This effect is mainly due to the flow variations through 

the control circuit [2, 4]. One of early reviews on advances in 

the combustion of water fuel emulsion which consists of base 

fuel and water doped with or without a trace content of 

surfactant was presented by [5]. They focused on the 

fundamental mechanism relevant to the micro-explosion 

phenomena leading to the secondary atomization which is not 

common to the combustion of pure fuel. They also described 

the kinetic and the probability models. Samec et al [2] 

conducted numerical and experimental studies on some of the 

chemical and physical properties of water/oil emulsified fuel 

(W/OEF) combustion characteristics. Their results of engine 

testing in a broad field of engine loads and speeds have shown 

a significant pollutant emission reduction with no worsening of 

specific fuel consumption. Lif and Holmberg [13] reviewed the 

influence of water on the emissions and on the combustion 

efficiency which is improved when water is emulsified with 

diesel. Also, they covered relationship of using different fuels, 

such as diesel-in-water emulsions, i.e., double emulsions, 

water-in-diesel microemulsions, and water-in-vegetable oil 

emulsions, i.e., biodiesel emulsions.  
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Emulsions of diesel and water are often promoted as being able 

to overcome the difficulty of simultaneously reducing 

emissions of both oxidises of nitrogen (NOx) and particulate 

matter from diesel engines. Abu-Zaid [14] conducted an 

experimental study on water-in-Diesel emulsions to investigate 

the effect of water emulsification on a single cylinder Diesel 

engine performance and gases exhaust temperature. Emulsified 

Diesel fuels of 0, 5, 10, 15 and 20 water/Diesel ratios by 

volume were used in a Diesel engine, operating at 1200–3300 

rpm. His results indicated that the addition of water in the form 

of emulsion improves combustion efficiency. The engine 

torque, power and brake thermal efficiency increase as the 

water percentage in the emulsion increases. The average 

increase in the brake thermal efficiency for 20% water 

emulsion is approximately 3.5% over the use of Diesel for the 

engine speed range studied. The proper brake specific fuel 

consumption and gases exhaust temperature decrease as the 

percentage of water in the emulsion increases. 

 

Ghojel, et al [15] presented measurements of the performance 

and its effect on emissions (i.e NOx and hydrocarbon 

emissions) of a diesel engine operating on a typical diesel oil 

emulsion and they examine through the use of heat release 

analysis the differences found during the combustion relative to 

standard diesel of the same engine.  Also, Armas et al [16] 

illustrated the characterization of light duty Diesel engine 

pollutant emissions using water-emulsified fuel. While 

Conventional and gemini surfactants were used in emulsified 

fuels by [1], they studied diesel engine performance and 

emission evaluation.  Kannan and Udayakumar [17] Used 

commercial diesel fuel and diesel fuel with 10% and 20% 

water by volume.  Their results showed that the water 

emulsification has a potential to improve brake thermal 

efficiency and brake specific fuel consumption. The NOx and 

hydrocarbon emissions were found to decrease with increase in 

water percentage in the emulsified diesel. 2009. 

 

The aim of the present study is to investigate the effect of 

Emulsion fuels with varying contents of water and diesel, 

which are prepared and stabilized, to test the diesel engine 

performance and exhaust emission. 

  

 

 

2. Samples Preparation and Analysis 

 

Diesel is the combustible material in emulsion that creates the 

energy, and has the heating value. Jordanian diesel fuel 

produced by JOPETROL was used in the present experimental 

work. Tape and demineralised water were added. The 

demineralised water gave better stability for the water-diesel 

emulsion than tape water which contains salts that has negative 

effect on the surfactant action. The surfactant is mainly used to 

stabilize water in diesel mixture, which can’t be maintained by 

natural mixing of diesel with water, because of their different 

densities & forces of surface tension exist at the separation 

zone of the two substances, surfactant reduce surface tension 

forces to permit two different densities liquids to mix with 

stable chemical  composition. The surfactant consists of two 

parts Hydrophilic and Hydrophobic, hydrophilic moiety has 

tendency to react with Water, on the other hand, hydrophobic 

moiety has tendency to react with oil. 

Surfactants have many types, forms, and purposes. They are 

divided into two main classifications: organic and non-organic 

surfactants. An effective surfactant mixture was prepared from 

a polymeric non-ionic surfactant having hydrophilic and 

hydrophobic repeating units called Tween 80 (trademark) 

together with a fatty acid ester called Span 80 (trademark).  An 

amount of 4 % by volume of surfactant mixture was added to 

the emulsified samples, Table 1. The main feature of the 

developed surfactant mixture is to use a minimum amount, to 

maximize stability time with acceptable cost. High speed mixer 

is used to carry out the mixing process to produce the required 

samples. The mixer can achieve a maximum of 2000 rpm.  

Mixing is applied after each addition for 15-20 minutes after 

the addition of all substances. The stability of emulsified 

samples is crucial matter, and the use of unstable emulsion is 

harmful to the engine due to the separated water which it is 

incombustible. Stability is affected by many factors, and 

depends strongly on preparing method and procedure, 

including: types of emulsifier being used and their percentages, 

mixing method and mixing time, type of water content, and 

quality of diesel.  
Two 100 ml samples of emulsified fuel with 25% water content 

were prepared. Mixing process of 15 minutes was applied for 

both samples.  The sample with demineralised water took more 

stability time of 12 days than tape water which gave only 10 

days.  It was noticed that as the percentage of water decreases 

in the samples the higher the stability time achieved.  

 
Table 1 Physical property of the Emulsified Diesel-Water samples 

Diesel 

conditions D D+S D+S+10%W D+S+15%W D+S+20%W D+S+25%W D+S+30% W 

 

 
 

845.8 846.1 864.1 874.8 880.5 887.6 
 

896.2 

Dynamic 

viscosity 

(mPa.sec) 

31.56 31.66 40.1 54.76 60.51 64.04 70.26 

Pour point (oC)  2 2 -1 -7 -5 -6 -3 
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3. Diesel Engine Setup 

A single cylinder, direct injection engine installed in the 

Mechanical Engineering Department Power Plant Laboratory at 

the Faculty of Engineering Technology/Al-Balqa Applied 

University was used for the experiments.  Several samples of 

emulsified Diesel-Water fuel were prepared to be compared with 

pure Diesel and Diesel with surfactant only, to study the impact 

of emulsified fuel on engine performance. The engine 

specifications are listed in Table 2.  

   
Table 2 Single Cylinder Diesel Engine Specifications 

Type LISTER 8-1 

Stroke 139.7 mm 

Compression ratio 17 

Maximum speed 1850 rpm 

Bore 114.3 mm 

Swept volume 1433 cc 

Output power 8 hp 

 
The engine Performance analysis has included the 

following features:  torque, brake horsepower, brake specific fuel 

consumption, and brake thermal efficiency and finally the 

temperature of the outlet exhaust gas. Whereas, the NOx emission 

analysis is studied on a four cylinders, direct injection engine, 

running on a small bus which has the following specifications, 

Table 3.    

 
Table 3 Four Cylinders Diesel Engine Specifications 

Type KIA MOTOR diesel engine 

Model GT438052 

Swept volume 3000 cc 

Compression ratio 17 

Output power 95hp 

Maximum speed 2450 rpm 

 

Seven blends were prepared to test the engine 

performance, and NOx emission. These blends were: pure 

diesel, diesel with surfactant only, diesel with surfactant 

and 10%, 15%, 20%, 25%, and 30% water added by 

volume.  Three samples were tested for each blend to 

validate the results.  The experimental error was recorded 

to be in the range of ± 8 %.  All tests are carried out at 

constant and variable engine speed starting from 1000 rpm 

up to 1500 rpm for the performance evaluation.  
 

 

4. Results and Discussion 
 

Different operational conditions were studied. And the 

characteristic behaviour of the engine performance under 

various emulsions were recorded and analysed. The torque 

with a function of engine speed is plotted in Fig. 1.  From Fig. 

1 it can be seen that at low revolution per minute (rpm), torque 

increases as engine speed increase until it reaches a maximum 

value around 1400 rpm. Afterwards, as engine speed increases 

above 1400 rpm, the torque starts to decrease.  This is due to 

engine being unable to ingest a full charge of air at high 

speeds.  Also Fig. 1 illustrates that as the percentage of water 

increases in the emulsion sample, the torque produced 

increases.  This may be attributed to the additional force on top 

of the piston provided by the pressure exerted by the vapour 

from the emulsified liquid. When the charge is fired in the 

cylinder, the water would turn to high pressure vapour. In 

addition, due to the higher viscosity of the emulsified fuel than 

that of the base fuel (pure diesel), and the presence of water 

promote a finer cloud which promotes atomization of the 

emulsified mixture during injection. This improves engine 

efficiency significantly. The effect of the emulsion on the 

engine power is shown in Fig. 2, the power increases as engine 

speed increases, and reaches highest power at speed of 1500 

rpm for the present test.  

 

 

Fig. 1. Engine torque versus engine speed using water diesel emulsion. 
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Fig. 2. Engine power output versus engine speed using water diesel emulsion. 

 
Also, Fig. 2 shows that there is a slight increase in 

the engine power with increase of the water content in the 

emulsified samples. It was found that the introduction of water 

in diesel prolongs the ignition delay. The ignition delay period 

is when the fuel that has been injected into the cylinder is 

undergoing chemical and physical preparation for combustion. 

Thus, the emulsion fuel requires less compression (negative) 

work than the diesel due to the longer ignition delay during the 

compression stroke. This helps to reach a higher peak pressure 

after top dead centre (TDC) to produce more power output 

during the expansion stroke. In addition, when the ignition 

delay increases, more diesel would be physically prepared 

(evaporation, mixing) for chemical reaction, which increases 

the amount of diesel burned and the rate of heat release in the 

premixed burning. This results in enhancement of combustion 

and improvement of combustion efficiency. Also the use of the 

emulsion is also shown to result in a retarded fuel injection, but 

smaller ignition delay for the same engine timing. As a result 

of these changes, cylinder pressures and temperatures are 

lower. Fig. 3 shows the variation of brake specific fuel 

consumption (BSFC) with engine speed considering the 

emulsion (diesel+water) as total fuel.  It shows that BSFC 

decreases as engine speed increases (at low speed), and then it 

would reach a minimum and then increases at higher speeds. It 

is that as the water percentage in the emulsion increases, the 

BSFC increases, this is because as the percentage of water in 

the emulsion increases, a larger amount of diesel is displaced 

by an equal amount of water. This means that less diesel fuel is 

actually contained within each volume of the emulsion. As the 

percentage of water in the emulsion increases, BSFC of diesel 

decreases (i.e. diesel calorific value decrease). The minimum 

value occurs at a water percentage 30% by volume. The 

reduction in BSFC with water emulsified diesel may be 

attributed to formation of a finer spray due to rapid evaporation 

in the water, longer ignition delay results in more fuel burning 

in premixed combustion and suppression of thermal 

dissociation due to lower cylinder average temperature. The 

evaporation and additional mass of water cause the cylinder 

average temperature to become lower as the water amount was 

increased. 

 
Fig.3.  Brake specific fuel consumption versus engine speed using water diesel emulsion by considering emulsion as total fuel. 
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Fig.4.  Exhaust gas temperatures versus engine speed using water diesel emulsion. 

 
The variation of exhaust gas temperature with engine 

speed using emulsion is shown in figure 4. It is clear that as the 

percentage of water in emulsion increases, the exhaust 

temperature decreases. The heat absorbed by the additional 

water can explain the decrease in the exhaust temperature. The 

latent heat of water will cool the charge due to the evaporation 

of water, and the cylinder average temperature following 

injection and before ignition becomes lower as the water 

percentage increases [14]. Figure 5 shows the effect of 

emulsified fuel on the brake thermal efficiency. The maximum 

increase in the brake thermal efficiency occurs when 30% 

water in the emulsion is used, and this is due to the fact that the 

BSFC was at its minimum value, average increase in brake 

thermal efficiency for 30% water emulsion is approximately 

5% over the use of diesel for the engine speed range studied. 

Figs 5 and 6 represent the environmental assessment 

on the impact of using emulsified fuel on a KIA bus model 

which uses a four cylinders diesel engine.   It is clear that at an 

optimum run speed between 1400 to 1500 rpm and using 30% 

water gave minimum particulate matter and NOx emissions.   

 
Fig. 5.  Brake thermal efficiency versus engine speed using water diesel emulsion. 
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Fig. 6. Particular matters Reduction effect analysis 

 
Fig. 7.  NOx Reduction effect analysis 

 

 

5. Conclusions 

 
This present study of water-in-Diesel emulsions investigated 

the effect of water emulsification on the Diesel engine 

performance and exhaust gases emissions. Emulsified diesel 

fuels of 0, 10, 15, 20, 25 and 30 water/Diesel ratios by volume, 

were used in a single cylinder, direct injection Diesel engine, 

operating between 1000-1600 rpm. The results indicated that 

the addition of water to diesel in the form of emulsion 

improves combustion efficiency. The engine torque, power and 

brake thermal efficiency increase as the water percentage by 

volume in the emulsion increases. The average increase in the 

brake thermal efficiency for 30% water emulsion is 

approximately 5% over the use of diesel for the engine speed 

ranges studied. The particulate matter and NOx emissions 

decrease as the percentage of water in the emulsion increased 

to 30%. So that, the benefits of adding water to diesel fuel, 

results in substantial reductions in nitrogen oxides and 

particulates.  
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